If there is a correlation between the site of a reaction in vivo and the localization of an enzyme, one would expect to recover DNA polymerase in the nuclear fraction. Assuming the usual relationship between the scale of operation in vivo and the amount of enzyme, one would expect nuclei from a source in which DNA synthesis is particularly rapid to provide maximum amounts of enzymes intimately concerned with DNA replication. During the early cleavage stages of sea urchin embryos, the number of nuclei doubles in two hours or less and the DNA, amounting to 1.8 X 10-12 gm per diploid nucleus, can double in about 10-12 min at 15'C. In an earlier report, it was shown that isolated nuclei from such embryos do have a high DNA polymerase activity and native DNA seemed to be preferentially used as a primer.1 In contrast, DNA polymerases obtained from homogenates of most eucaryotic tissues exhibit a marked preference for single-stranded DNA primers.2 Since priming by double-stranded DNA may be a characteristic of a replicative polymerase, this property has now been studied in detail.
If there is a correlation between the site of a reaction in vivo and the localization of an enzyme, one would expect to recover DNA polymerase in the nuclear fraction. Assuming the usual relationship between the scale of operation in vivo and the amount of enzyme, one would expect nuclei from a source in which DNA synthesis is particularly rapid to provide maximum amounts of enzymes intimately concerned with DNA replication. During the early cleavage stages of sea urchin embryos, the number of nuclei doubles in two hours or less and the DNA, amounting to 1.8 X 10-12 gm per diploid nucleus, can double in about 10-12 min at 15'C. In an earlier report, it was shown that isolated nuclei from such embryos do have a high DNA polymerase activity and native DNA seemed to be preferentially used as a primer.1 In contrast, DNA polymerases obtained from homogenates of most eucaryotic tissues exhibit a marked preference for single-stranded DNA primers. 2 Since priming by double-stranded DNA may be a characteristic of a replicative polymerase, this property has now been studied in detail.
Materials and Methods.-[a-P32]-dTTP was purchased from the International Chemical and Nuclear Corp., City of Industry, Calif. Unlabeled deoxynucleotides and salmon sperm DNA were purchased from the California Foundation for Biochemical Research. Calf thymus DNA, crystalline pancreatic DNase, micrococcal nuclease were acquired from Worthington Biochemical Corporation. H3-labeled sea urchin DNA (14,720 dpm per mimole nucleotide phosphorus) was prepared by the method of Marmur3 from embryos of the sea urchin, Strongylocentrotus purpuratus, which were grown in the presence of H3-deoxythymidine. Unlabeled sea urchin DNA was prepared by the same method from S. purpuratus sperm. Preparations of DNA3 from Bacillus megaterium, Aerobacter aerogenes, Pseudomonas aeruginosa, and S. franciscanus were kindly given by Victor D. Vacquier. Partially purified calf thymus DNA polymerase (hydroxylapatite fraction II )4 was generously provided by Dr. F. J. Bollum.
Isolation of nuclei:
The method of isolation of nuclei from the early developmental stages of the sea urchin S. purpuratus was a new one, reported here for the first time. It differs in principle from an earlier procedure', in that the isolation is carried out in the presence of sodium citrate and the results call for a retraction of an earlier statement' that the retention of DNA polymerase activity by the nuclei requires the presence of Mg++. Either hatched embryos or embryos from which the fertilization membrane had been removed were washed twice in 1 M dextrose by low-speed centrifugation, and once in the hypotonic mixture 0.15 M NaCl with 0.015 M sodium citrate. The pellet containing osmotically ruptured cells was suspended in 4 vol of the NaClcitrate mixture and the material was dispersed by forcing the suspension twice through a number 20 hypodermic needle. An equal volume of 2 M sucrose was mixed thoroughly with the suspension, after which it was centrifuged at 14,000 X g for 30 min. The pellet, which consisted of rather pure nuclei, was dispersed in 1 M dextrose containing 0.02 M potassium phosphate buffer (pH 7.4), 0.004 M reduced glutathione, and 0.0004 M potassium versenate (solution A). The suspension was sonicated four times for 20 see with a Bronson Sonifier, model S-75 with micro-tip, at a power setting of 4. The entire procedure was carried out at 0-30C. The nuclear material could be stored at -40'C for up to 6 months without detectable loss of DNA polymerase activity. This method of nuclear isolation is applicable to unfertilized eggs and developmental stages up to gastrula of S. purpuratus, S. franciscanus, and probably most other echinoderms.
Assay of DNA polymerase activity: The assay measures the initial rate of the incorporation of C14-or a_-P32-labeled deoxynucleoside triphosphates into an acid-insoluble product. The BIOCHEMHSTiY: LOEEB ET A 1,.
standard incubation mixture, contained in a total volume of 0.3 ml, is the following: 25 Mmoles tris-maleate buffer, pH 7.4; 4.5 umoles magnesium chloride; 0.5 pmole KCl; 0.3 yinole B mercaptoethanol; 10 m/Amoles each of dATP, dCTP, dGTP, and [a-P321-dTTP (about, 3 X 1(4 dpm per mlumole); 177 miumoles of calf thymus DNA and 0.05 ml of the nuclear preparation.
Unless stated otherwise the same nuclear preparation derived from S. puirpuiratlus embryos at, the time of hatching was used in all assays and(coitaiiied 2.84 ing of protein and 0.663. mg of I)NA per ml. The reaction mixture was incubated for 10 mil at 370C and the reaction stopped with 0.5 ml of cold 1 N perchloric acid containing 0.01 N sodium pyrophosphate. The acid-insoluble material was collected on glass filters by a modification of the method of Schildkraut et al. 6 Radioactivity was determined with a Packard Tri-Carb liquid scintillation counter. The inclusion of sodium pyrophosphate in stopping the reaction resulted in a 50-70% decrease in the nonspecific absorption of the labeled nucleotide to the filter paper without causing any detectable decrease in the amount of labeled acid-insoluble material retained on the filter paper. Calf thymus DNA polymerase was assayed as described by Bollum7 using 88 msAmoles calf thymus DNA. Incubation was for 30 min at 370C and the subsequent washing procedure was the same as that describe(l for nuclear sea urchin DNA polymerase.
Unless stated otherwise, all DNA polymerase assays were performed in triplicate. Results.-The nuclei prepared by the method described above have a high DNA polymerase activity. It is about the same as was reported in an earlier study in which a different method of isolation was used.' However, localization in the nucleus does not imply absence of the enzyme in the cytoplasm. With the short incubations now used, which obviate the destructive effects of DNase, we can now detect DNA polymerase in the cytoplasm of the sea urchin embryos. The specific activity per mg of protein is four-to sixfold greater in nuclei than in corresponding unfractionated homogenates. partially purified polymerase from rat liver which, thus far, is the only other DNA polymerase from eucaryotic tissue which has been found to prefer native doublestranded DNA as primer. 16 (b) Effect of amount of primer added: Even though the nuclei contain DNA, it is seen in Figure 2 that the "self-primed" synthesis is only about 3 per cent of that obtained with saturating amounts of added primer. It is clear from Figure   2 that priming with heat-denatured DNA is saturated at a level one-tenth that achieved with native DNA.
(c) Activity as a function of nuclear concentration: In Figure 3 , it is seen that the native DNA was a more effective primer than the heat-denatured DNA at all concentrations of nuclei. A tendency of the curves toward an exponential form is evident at low concentration of nuclei. This tendency disappears when the native primer is "activated" by a brief treatment with pancreatic DNase (see Methods) . It is suggested that the form of the curve in Figure 3 is influenced by the presence of a DNase in the nuclear preparations which enhances the priming of the added DNA as the concentration of nuclei is increased. (e) Requirements for DNA polymerase activity: It is seen in Table 1 that the requirements of the sea urchin nuclei are similar to those observed in other DNA polymerase systems. The incorporation of TTP in the mixture lacking one or more deoxynucleotide triphosphates is not explained simply by the presence of free deoxynucleotides in the nuclei, since the results were the same after prolonged dialysis of the sonicated nuclear preparations. It is seen that DNase destroys the product of the reaction. The main conclusion from for priming by native and denatured DNA are identical and typical of DNA polymerase systems, and that the difference is solely one of efficiency in priming.
(2) Consistency of preference for native DNA as primer: All our preparations of nuclei have the DNA polymerase activity which prefers native DNA as primer.
In all, we have tested 25 preparations without encountering an exception. In Figure 5 , data on several preparations of nuclei made from embryos of two species are shown. The variations of the absolute levels may reflect embryological events which will be the subject of another study. In Figure 6 , it is seen that the diminution of priming ability by heating is confirmed for a variety of DNA preparations Limited digestion with micrococcal nuclease followed by heat denaturation 0.73
Details for the procedures used to alter the structure of native calf thymus DNA are given in Methods. DNA polymerase activity was determined in the standard assay using 270 mjsmoles of added native or pretreated calf thymus DNA as primer. Heat denaturation of all samples was at 1000C for 10 min followed by rapidly cooling in ice.
from different sources. The absolute values are not to be compared; the native DNA samples had been made by different methods, were used in different amounts, and the increase in optical density at 260 mgm upon heating and rapidly cooling varied from 23 to 38 per cent.
(3) Effect of various treatments on priming ability: Table 2 compares the effects of denatured by heat, acid, and alkali and the effects of two enzymes which cleave the DNA to produce fragments with different terminal groups. All the methods of denaturation cause a diminution of the ability of the DNA to prime the enzyme in the nuclear preparations. The nature of the terminal group has been shown to affect the priming ability of DNA."7 As was already known,16'8 a limited digestion by pancreatic DNase, which produces fragments with 3-hydroxy and 5'-phosphoryl terminal groups, enhances the priming. In contrast, the action of micrococcal nuclease, an endonuclease which produces fragments with 3'-phosphoryl and 5'-hydroxy termini, slightly reduced the priming ability. In either case, heat denaturation of the enzymatically altered DNA reduced its priming ability.
(4) DNase activity of sea urchin embryo nuclei: The nuclei used in this work contain a firmly bound DNase.'9 It is conceivable that the added denatured DNA was a poor primer in our system because it might be destroyed preferentially by the nuclease. To investigate this question, the DNase activity of the nuclear preparation was determined in the presence of labeled native and heat-denatured sea urchin DNA under conditions used in the assay for DNA polymerase. By measuring the release of acid-soluble fragments it was shown that native DNA is more susceptible to the DNase than the denatured DNA; thus selective degradation of denatured DNA cannot account for its limited ability to prime the polymerase.
(5) Comparison of purified calf thymus polymerase and sea urchin nuclei: The DNA polymerase isolated from calf thymus by Bollum4 is a very well-studied case of an activity that prefers denatured DNA as a primer, and may be used as a standard of comparison for one that seems to prefer native DNA. In Figure 7 , such a comparison is shown. Each of the two enzymes was assayed under its own optimal conditions. The primers were mixtures of native and denatured DNA, the ratio of the two being the variable. The contrasting primer requirements of the FIG. 7.-Activity of partially purified calf thymus DNA polymerase and sea urchin nuclei under conditions in which the ratio of native and heat-denatured DNA primers was varied. Calf thymus DNA polymerase and sea urchin nuclear DNA polymerase were assayed under optimal conditions with respect to each as described in Methods. In the case of calf thymus DNA polymerase 30 Ag of enzyme and a total of 88 mMmoles of calf thymus DNA were added to each tube. Incubation was for 30 min at 370C. For sea urchin polymerase, 142 gg of nuclear protein and a total of 177 m/umoles of calf thymus DNA was added to each tube; incubation was for 10 min at 370C. In control experiments, when calf thymus polymerase was assayed uinder conditions used in the sea urchin nuclear DNA polymerase assay, except that incubation was for 30 min, the incorporation was 0.125, 0.119, 0.131, 0.079, 0.044 mjsmole of dTMP32 for 100, 75, 50, 25, and 0 per cent heat-denatured DNA. In control experiments with sea urchin nuclei assayed under conditions used in the calf thymus DNA polymerase assay, except that incubation was for 10 100% min, the incorporation was 0. Figure 8 , the DNA samples were heated to various temperatures and cooled quickly. The ultraviolet absorption of the cooled samples as a function of the temperature to which they were heated produces a melting curve, with a Tm .at 68°C. The correlation between the increase in ultraviolet absorption and the decrease in priming activity is quite good, and the midpoint between maximum and minimum priming falls at 67°C. The other DNA polymerase from eucaryotic cells which exhibits some preference for native DNA17 has been obtained from regenerating rat liver, a favorite experimental system for studying tissues with high mitotic rates. It is hardly possible to question all the work on DNA polymerases which require denatured DNA as primer; such enzymes must play an important role and there is an abundance of discussion of nonreplicative DNA synthesis in the recent literature. It may be that these enzymes are the ones present in most tissues at most times, while the polymerases requiring double-stranded DNA become prominent in eucaryotic cells only where there is active reproduction of genetic material. The DNA polymerase in the nuclei of sea urchin embryos is being purified and preliminary results show that the activity which prefers native DNA as primer persists after separation from the bulk of the nuclear material.
Summary.-Native DNA is a far more effective primer for the DNA polymerase in nuclei obtained from sea urchin embryos than heat-denatured DNA under conditions in which the Mg++ concentration, the amount of primer, the amount of enzyme, and the time of incubation were varied. The consistency of this preference was established with different nuclear preparations and DNA obtained from different sources. The extent of destruction of the ordered helical structure of calf thymus DNA by heat denaturation parallels the decrease in its priming ability.
